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High-resolution specific-heat measurements of the organic superconductor k- (BEDT-TTF) 2 - 
Cu[N(CN) 2 ]Br in the superconducting (B = 0) and normal (B = 14 T) state show a clearly re- 
solvable anomaly at T c = 11.5 K and an electronic contribution, C es , which can be reasonably 
well described by strong-coupling BCS theory. Most importantly, C e3 vanishes exponentially in the 
superconducting state which gives evidence for a fully gapped order parameter. 

PACS numbers: 65.40. +g, 74.70.Kn, 74.25.Bt 
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Since the discovery of superconductivity in organic 
metals about 20 years ago the question on the nature of 
this state is one of the most intriguing problems in this 
class of materials. The close neighborhood of antifcrro- 
magnetically ordered states in the pressure-temperature 
phase diagram has spurred speculations on a Cooper-pair 
coupling which is mediated by antiferromagnetic fluctu- 
ations rather than by conventional electron-phonon cou- 
pling This notion gained additional feedback by 
the growing evidence for unconventional behavior of the 
high-T c cuprates and heavy-fermion superconductors. A 
large number of experiments, especially on the quasi-two- 
dimensional (2D) organic materials, were initiated to elu- 
cidate the question on the symmetry of the order param- 
eter, i.e., on the determination of possible gap nodes in 
the superconducting state. The outcome is rather con- 
troversial with an approximately equal distribution of 
reports which present results in line with conventional 
BCS-like behavior and others giving support for an un- 
conventional state ^-|). Here, the term 'unconventional 
superconductivity' is used to denote that either a non- 
phononic Cooper-pair attraction is present or that be- 
sides the gauge symmetry additional symmetries are bro- 
ken at T c . 

The most studied family of the 2D organic charge- 
transfer salts is the K-phase based on the donor molecule 
BEDT-TTF (bisethylenedithio-tetrathiafulvalene or ET 
for short). Materials of this phase reveal a unique phase 
diagram §j| with K-(BEDT-TTF) 2 Cu[N(CN) 2 ]Br, the 
superconductor with the highest transition temperature 
(T c = 11.5 K) in this class, being close to an antifer- 
romagnetic (presumably) Mott-insulating ground state. 
This direct neighborhood of competing ground states 
strongly motivated the speculations on a non-phononic 
pairing mechanism. 

Results especially in favour for unconventional behav- 
ior were supplied by 13 C-NMR experiments of k-(BEDT- 
TTF) 2 Cu[N(CN) 2 ]Br §-@. The NMR data were ob- 
tained with the necessarily applied field along the BEDT- 



TTF planes. For this field orientation it is believed 
that the vortex lattice is trapped in the so-called lock- 
in state and that one thereby can avoid additional spin- 
relaxation processes due to the otherwise present flux- 
line motion. All three experiments |§| |Tc[| showed con- 
sistently a non-exponential, i.e., non-BCS-like, decrease 
of the spin-lattice relaxation rate 1/T\. The data could 
approximately be described by a 1/Ti oc T 3 dependence 
which was interpreted as an indication for d-wave pair- 
ing with line nodes in the energy gap. Accordingly, these 
line nodes should lead to a T 2 behavior of the electronic 
specific heat in the superconducting state, C es . Recently, 
indeed specific-heat data were reported jllj] which seem- 
ingly showed an approximately T 2 dependence of C es . 
In that experiment, however, the phonon specific heat of 
K-(BEDT-TTF) 2 Cu[N(CN) 2 ]Br was tried to estimate by 
measuring a quench-cooled non-superconducting deuter- 
ated sample which is just on the insulating side of the 
above-mentioned phase diagram . 

Specific-heat experiments are an especially powerful 
method in order to decide whether nodes of the super- 
conducting gap are present or not. If this integral tech- 
nique reveals an exponential dependence of C es , nodes 
of the order parameter, i.e., points where the supercon- 
ducting gap becomes zero, can unequivocally be ruled 
out. On the other side, care has to be taken when a 
non-exponential behavior of C es is observed. Besides 
the existence of gap nodes, spurious effects like a not 
completely superconducting sample or an improper sub- 
traction of non-electronic specific-heat contributions may 
lead to wrong conclusions. This experiment, i.e, the 
measurement of the specific heat of one single crystal k- 
(BEDT-TTF) 2 Cu[N(CN) 2 ]Br both in the superconduct- 
ing (B — 0) and in the normal state at a magnetic field of 
14 T, was initiated in order to obtain a definitive answer 
to the possible existence of gap nodes in a reliable way. 

Care was taken to reduce the heat capacity of the 
sample holder. This enabled us to measure one single 
crystal of 3.26 mg which contributed 50-70% to the to- 
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FIG. 1. Temperature dependence of the specific heat 

of K-(BEDT-TTF) 2 Cu[N(CN) 2 ]Br in the superconducting 

(B = 0) and normal (B — 14 T) state shown (a) for the 

complete temperature range and (b) for the region close to 

T c = 11.5 K. The solid line in (b) is a polynomial fit to the 

14 T data. 



tal heat capacity. The heat capacity of the empty sam- 
ple holder, which consists of a sapphire plate with a 
thin manganin wire (20 /xm diameter) as heater and a 
RuC>2 resistor as thermometer, was measured in all rele- 
vant fields. The Ru02 thermometer which shows in the 
experimental range only a small field dependence was 
calibrated in fields up to 14 T in steps of IT. The spe- 
cific heat was measured in a 4 He cryostat equipped with 
a 14 T superconducting magnet by the quasi-adiabatic 
heat-pulse technique. The temperature resolution of 
about AT/T < 1 • 1CP 5 prevents any rounding effects 
at the transition due to the experiment. 

The specific heat, C, between 1.7 and 21 K in B = 
and B = 14 T is shown in Fig. [l]. The upper critical field 
of K-(BEDT-TTF) 2 Cu[N(CN) 2 ]Br is B c2 = (10 ± 2) T 
which can be estimated from the field dependence of 
our low-temperature C data (not shown) and which is 
in line with earlier estimates 0,0]. Therefore, the 
data in B = 14 T are in the normal state compris- 
ing the electronic and the phononic contribution tru- 
ely relevant for the data analysis of this special sample. 
From our data we determine a Sommerfeld coefficient 
7 = (25 ± 2) mJ mol -1 K~ 2 and a Debye temperature of 
about Qd — (200±10) K. These values agree within error 
bars with earlier literature data |ll|,Q. The uncertain- 
ties in our values originate in the limited T range where 
we observe a linear plus a cubic temperature dependence 
of C. Already at about 3 K we observe a deviation from 
the cubic Debye law, i.e., an additional phononic contri- 
bution. These low-lying optical phonon modes are well 
known from Raman-scattering investigations and previ- 
ous specific-heat of other organic superconductors (see 
Refs. [|l5],[l6| for details). At very low temperatures, the 
nuclear magnetic moments of the hydrogen atoms of the 
BEDT-TTF molecules should contribute to a Schottky 
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FIG. 2. Specific-heat difference between the superconduct- 
ing and normal state with BCS curves for weak (dashed line) 
and strong (solid line) coupling. 



anomaly due to hyperfine interactions (see |l5[ ] for de- 
tails). In 14 T, this hyperfine contribution would be 
about 3.5% of the total specific heat at 2 K. In our experi- 
ment as well as in p"4| no indication of a low-temperature 
upturn of the C data was observed for this field. This 
is most probably caused by a too long spin-lattice relax- 
ation time compared to the thermal relaxation time of 
the sample to the bath. 

The blow up in Fig. 0(b) shows the region close to 
T c = 11.5 K. In this scale one can see more clearly the 
broad anomaly arising from the superconducting transi- 
tion. In contrast to previous reports Jl4|,[l7j we were able 
to unequivocally resolve this anomaly which contributes 
about 3% to the total specific heat. The broadened jump 
at T c is much larger than anticipated from weak-coupling 
theory. This becomes much clearer when we plot AC vs 
T (Fig. ||), where AC is the specific- heat difference be- 
tween C in the superconducting (B — 0) and in the nor- 
mal state (B = 14 T). The latter was approximated by 
a polynomial [solid line in Fi g. |l| (b)1 . AC expected from 
weak-coupling BCS theory Jl8|] is shown as the dashed 
line in Fig. |2[ It is obvious that the jump at T c as well as 
the whole temperature dependence does not follow this 
behavior. Instead, the experimental data can much bet- 
ter be described by strong-coupling behavior (solid line 
in Fig. [2]). Thereby, we assumed a BCS-like temperature 
dependence of the energy gap A(T) scaled by one ap- 
propriate parameter, i.e., the gap ratio a — A(0)/fcsT c , 
which is a bcs = 1-76 in the weak-coupling limit Jl9| . 
With this simplistic assumption and a — 2.7 we obtain 
the reasonable description shown in Fig. 0. The jump 
height is reproduced quite well taken into account that 
we neglected any fluctuations. In the intermediate tem- 
perature region the data lie somewhat above the strong- 
coupling line, whereas at low temperatures, where the 
data are most precise, perfect agreement is found. We 
want to note that we did not fit the model to the data 
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FIG. 3. The estimated coupling strength A vs the supercon- 
ducting transition temperatures for different two-dimensional 
organic superconductors of the general formula P-(BEDT— 
TTF)2X, where the crystallographic phase P and the anion 
X are given in the figure. 



but rather compared visually the BCS curves for different 
a with the data. Therefore, as well as due to the error 
bar in 7, the uncertainty in a is about ±0.2. 

For strong-coupling superconductors only phenomeno- 
logical models exist which connect the different supercon- 
ducting parameters. By use of a large set of data from 
conventional superconductors the approximate relation 
between the specific-heat jump AC /jT c and T c /uji n is 
known, where LUi n is the average phonon (or, more gen- 
eral, coupling) energy (20). Further on, the value T c /ui n 
is connected with the coupling strength A of the su- 
perconducting charge carriers by the modified McMillan 
equation. However, for strong coupling, i.e., A larger than 
about 1.5, the McMillan equation is not valid any more 
and it is more appropriate to use an empirical relation 
between T c /ui n and A obtained from tunneling data and 
presented in Ref. pl[ . Under the assumption that the 
organic superconductors can be described by the same 
strong-coupling theory as conventional superconductors 
this leads to a very large A of about 2.5. This might be in 
line with a recent theoretical treatment where enhanced 
strong-coupling features in quasi-two-dimensional corre- 
lated electron systems are expected p2| . 

The A values vs T c for the title material as well as for 
four other organic superconductors [|l5Ul6|j2^ , ^] are pre- 
sented in Fig. |. Thereby, A was extracted for all materi- 
als in the same way, with a = 1.76 for the weak-coupling 
superconductor a-(BEDT-TTF) 2 NH 4 Hg(SCN) 4 @ and 
a crudely estimated a = 2.2 from the limited set of 
available literature data for k-(BEDT-TTF) 2 Cu(NCS) 2 
|p3| . A clear systematic increase of A, i.e., the relative 
specific-heat jump AC/jT C) as a function of T c is ob- 
vious. According to Fig. 1 of Ref. this indicates 
that the characteristic average coupling energy cui n has 
a similar strength for all shown organic superconductors. 
Consequently, one can write A oc N(Ep) (i 2 ) pi] , where 



N(Ep) is the electronic density of states at the Fermi 
energy and (I 2 ) is the coupling matrix element averaged 
over the Fermi surface. Our result indicates that mainly 
(/ 2 ) controls T c , since N(Ep) remains more or less con- 
stant as shown by the measured 7 oc N(Ep) which is not 
correlated with Tc for the mentioned organic supercon- 
ductors. There is, however, a tendency for a slight in- 
crease with T c if one considers only the kappa-phase ma- 
terials, from 7 = (18.9±1.5)mJmor 1 K~ 2 for k-(BEDT- 
TTF) 2 I 3 to 7 = (25±2)mJmor 1 K~ 2 for the title mate- 
rial. Within a two-dimensional Fermi-liquid picture the 7 
values lead to effective masses of about 3.6 m e and 4.6 m e , 
respectively, where m e is the free-electron mass. This 
increase of 7 and the effective masses is in accordance 
with results from de Haas-van Alphen or Shubnikov-de 
Haas experiments which show an increasing effective cy- 
clotron mass from m c = 3.9 m e for k-(BEDT-TTF) 2 I 3 
|1 to m c = 6.6 m e for K-(BEDT-TTF) 2 Cu[N(CN) 2 ]Br 
[ 25 1 . These enhanced masses point to the importance 
of many- body effects, i.e., electron-phonon and electron- 
electron interactions, in the organic superconductors and 
are at least qualitatively in line with the estimated large 
coupling constants A. 

The main point of this paper is the proof of an expo- 
nentially vanishing electronic specific heat in the super- 
conducting state. It is clear already from Fig. || that no 
electronic contribution to C remains at low temperatures 
since otherwise the data would not follow so perfectly the 
strong-coupling BCS curve. The fact becomes more evi- 
dent when we plot the electronic part of the specific heat 
in the superconducting state, C es , as a function of T c /T 
(Fig. [IJ). For the determination of C es we subtracted 
the phonon part of C which corresponds to C measured 
in B = 14 T minus 7T. The normalized plot in Fig. ^ 
shows unambiguously that C es vanishes towards low T. 
The solid line is an exponential fit to the data of the 
form C es /jT c oc exp(-2.7T c /T). At T/T c w 3, C es is so 
small that we cannot resolve it any longer leading to the 
scatter of the data towards lower temperatures. From 
this result we can conclude that a possible remnant of 
C es /T is less than about 1 mJmol -1 K~ 2 . Consequently, 
our data prove the absence of gap nodes but, instead, 
point strongly to the existence of a complete energy gap 
in the superconducting state. We want to note, that our 
data do not allow to make any statements on possible gap 
anisotropics. These may well be the reason for the ob- 
served slight discrepancy between the AC data and the 
BCS fit in the intermediate temperature region shown in 
Fig. I 

Within BCS theory one can approximate C es /jT c oc 
cxp(-a A T c /T) for 2.5 < T c /T < 6 f||, where the coef- 
ficient oa (= 1.44 in the weak-coupling limit) is propor- 
tional to the energy gap A at T = 0. The much larger 
value q,a ~ 2.7 we extracted from our data is the be- 
havior expected for strong coupling and consistent with 
the large A. The exponential vanishing of C es can equally 
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data are fully consistent with a completely gapped order 
parameter. 

We thank H. v. Lohneysen for continuous support and 
fruitful discussions. This work was partially supported 
by the Deutsche Forschungsgemeinschaft. 



JJJ 



FIG. 4. Normalized plot of the electronic specific heat in 
the superconducting state vs T c /T. The solid line shows the 
exponential vanishing of C es - The dashed line is the approx- 
imate estimate of C es from p"l) . 

well be proven for the organic superconductors k-(ET) 2 I3 
g§ and /3"-(ET) 2 SF 5 CH 2 CF 2 S0 3 [fij|. 

In Fig. |^ we included the approximated average of the 
estimated result for C es from Fig. 3 of Ref. |ll|] (dashed 
line). It is evident from our result that one can definitely 
exclude any remnant contribution as high as proposed in 
this work (at T c /T = 3 our data are more than a factor 
of 10 smaller). Indeed, the estimated C es at 4 K in Jll]] 
coincides approximately with the normal-state electronic 
C which would mean a crossing of the C data in the 
normal and superconducting state at around this tem- 
perature. Figures |l|(a) and || show that this results must 
be wrong. It is therefore proven that it is not allowed to 
estimate the phonon specific heat from a quench-cooled 
non-superconducting deuterated sample. 

For superconductors with line nodes a field dependence 
of 7 proportional to \fB is predicted j27| . Recently, how- 
ever, a \AB dependence was also observed at low fields 
in an s-wave superconductor [2S[] pointing out that the 
bare observation of this behavior does not prove an un- 
conventional pairing state. For the title material a \J~B 
dependence of 7 at low fields was reported [|ll| . Since our 
measurements were made at higher temperatures we can- 
not make a definitive statement. However, from the field 
dependence of C at fixed temperature we can describe 
the data reasonably well by a linear field dependence. 

In conclusion, the results of our specific-heat measure- 
ments of the organic superconductor k-(BEDT-TTF) 2 - 
Cu[N(CN) 2 ]Br in the superconducting and normal state 
can be well described by strong-coupling BCS theory. 
We extract a large coupling parameter A ss 2.5 which 
scales well with A values found for organic superconduc- 
tors with lower T c . The electronic specific heat in the 
superconducting state vanishes exponentially with T c /T 
which disproves the T 2 behavior claimed earlier. Our 
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